Cadmium (Cd) is a widespread environmental pollutant and has been a recognized carcinogen for several decades. Many observational studies reported Cd exposure might be one cause of renal cancer. However, these findings are inconsistent. We conducted a meta-analysis to evaluate the relationship between cadmium exposure and renal cancer risk. A comprehensive PubMed and Embase search was conducted to retrieve observational studies meeting our meta-analysis criteria. A combined odds ratio (OR) and corresponding 95% confidence interval (CI) were applied to assess the association between Cd exposure and renal cancer risk. The meta-analysis showed that a high Cd exposure significantly increased renal cancer 1.47 times (OR = 1.47; 95% CI = 1.27 to 1.71, for highest versus lowest category of cadmium categories). The significant association remained consistent when stratified by geographic region and gender, however mixed results were produced when stratified by sample size, study design, NOS score, adjustment for covariates, effects measure, and exposure type. Our results indicated that a high Cd exposure was associated with increased renal cancer risk and the association was higher for occupational exposure compared with non-occupational exposure. This meta-analysis suggests that a high Cd exposure may be a risk factor for renal cancer in occupational population.
Results
Literature search, study characteristics, and quality. Following development of our search strategy, 332 records were initially identified. Thirty-six duplicate studies were excluded; 296 were subsequently screened, and 139 were excluded because titles and abstracts indicated the studies did not fit our criteria. Nineteen full-text articles were reviewed for further assessment. Five articles were excluded because Cd content in kidney tissues was measured [15] [16] [17] [18] [19] , three were not appropriate due to a renal tubular dysfunction outcome [20] [21] [22] , and two were review studies 23, 24 . Finally, nine articles met the meta-analysis criteria and were included (Fig. 1) . The descriptive data for all articles included in the study are summarized in Table 1 . One article reported two different ethical approaches, hence it was considered two individual studies 10 . Therefore, nine total articles, ten case-control studies (6,013 incident cases and 21,104 controls) and one cohort study (9 renal cancer cases and 1,732 participants) contributed to the meta-analysis. The number of renal cancer patients ranged from 9 to 1,723 across all included studies. The cases were histologically, pathologically, or clinically confirmed as renal cancer. Four studies were based in Europe 6, 7, 10, 12 , four in North American 5, 8, 11, 13 , and one in a mixed population(Austrlia, Denmark, Germany, Sweden, and United States) 9 . The articles were published from 1976 to 2014. Seven studies were designed to evaluate renal cancer odds ratio (OR) [5] [6] [7] [8] 10, 12 , two evaluated relative risk (RR) 9, 13 , and one evaluated hazard risk (HR) 11 . All studies investigated women and men, with the exception of one study, which reported results for the association of renal cancer in men 5 . Seven studies adjusted a group of variables for conventional risk factors in renal cancer, including age, gender, geographic area, and smoking [8] [9] [10] [11] [12] [13] , whereas the other studies did not control for other confounding factors [5] [6] [7] . Eight studies reported an association between occupational Cd exposure and renal cancer risk [5] [6] [7] [8] [9] [10] 12, 13 , while a subject in one study was related to a non-occupational population 11 . The Newcastle-Ottawa Scale (NOS) was used to assess the quality of studies included in the meta-analysis ( Table 2 ). The median NOS score was 5.7 (range: 4 to 7).
Overall analysis. Overall OR estimates for each study were combined to determine total risk estimates using a fixed-effects model (OR = 1.47; 95% CI = 1.27 to 1.71, P = 0.000) with low heterogeneity (P heterogeneity = 0.807, I 2 = 0%). Two estimates from the same study were shown; the study provided separate analyses for two case-control studies, which were depicted separately in the figure (Fig. 2) .
Subgroup and sensitivity analysis. We performed sensitivity analysis to test the stability and robustness of the association, where one study at a time was omitted and the combined OR was computed for the remaining studies. Exclusion of any single study did not notably effect the overall combined OR, which ranged from 1. Publication bias. Evidence of publication bias was not detected using Egger's test (P = 0.759) and funnel plot symmetry was observed in the meta-analysis (Fig. 4) . 
Discussion
Cadmium was widely used in industry until one decade ago, when its health risks were recognized, however it is distributed naturally at low levels throughout the environment. Recently, increasing evidence established a link between cadmium exposure and prostate cancer 25, 26 , breast cancer [27] [28] [29] , pancreatic cancer 30, 31 , and lung cancer 32, 33 . In addition, many current observational studies reported positive associations between exposure to Cd and renal cancer risk. However, these studies had a modest sample size and the association magnitude was variable among studies, with OR ranging from 0.4 (95% CI: 0.05-2.41) to 4.37 (95% CI: 0.44-43.00) and the confidence interval was notably wide. Therefore, the magnitude was limited due to the low precision in risk estimates. These epidemiological studies showed the absence of a comprehensive assessment in cadmium exposure. Therefore, we conducted a comprehensive retrospective meta-analysis to investigate any association between cadmium exposure and renal cancer risk. To the best of our knowledge, this is the first meta-analysis to explore the role of cadmium exposure in renal cancer patients. The overall results of the present meta-analysis of ten observational studies using a fixed-effects model provided evidence that a high Cd exposure was associated with increased renal cancer risk. The pooled estimates were robust across the sensitivity and subgroup analyses, and publication bias was not detected. The conclusions from combined estimates were more reliable than from a single study because the overall OR was based on a large sample size and exhibited sufficient power. Table 3 . Results of overall subgroup analysis. OR, odds ratio; CI, confidence interval; NA, not available; Large, ≥ 100 cases; Small, < 100 cases; High, NOS score of ≥ 5; Low, NOS score of < 5. Several mechanisms are responsible for the carcinogenesis of Cd exposure. Recently, several observational studies using in vitro cell culture and in vivo animal studies demonstrated a proliferative and carcinogenic effect of Cd on various cancers [34] [35] [36] . A major portion of Cd is bound to metallothionein proteins. These proteins, which have low molecular weight, play a vital role in essential-metal homeostasis 37 . The cadmium-metallothionein compound is disseminated in different organs and subsequently reabsorbed in kidney tubules. A Cd excretion mechanism is not present in the human body, resulting in Cd accumulation. Cadmium half-life in the human kidney cortex is ∼ 10-30 years 38 . Proto-oncogene activation, tumor suppressor gene inactivation, cell adhesion disruption, and DNA mismatch repair inhibition are some cellular and molecular mechanisms indicated in cadmium carcinogenicity [39] [40] [41] . These processes are involved in cancer development. The present meta-analysis exhibited several strengths. First, the meta-analysis was the first to investigate an association between Cd exposure and renal cancer risk. Second, the large sample size improved the risk estimate accuracy and resulted in well-founded conclusions based on the meta-analysis. Third, the analysis employed multivariable-adjusted risk estimates to minimize the confounding factors that influenced Cd exposure levels. The studies with adjusted risk estimates accurately reflected the association between Cd exposure level and renal cancer risk. Fourth, low heterogeneity was detected across the studies and publication bias was not observed.
Nevertheless, some limitations should be considered in the present meta-analysis. First, although a case-control study is the most appropriate design for toxicity exposure (e.g., occupational or environmental) causing rare health events, this design has inherent limitations, such as selective and recall or memory bias. Second, confounding factors, including co-exposure to other toxic chemicals and lifestyle factors (e.g., lead, asbestos, arsenic, tobacco and/or alcohol consumption) are difficult to control in a meta-analysis. Third, the small number of studies included in a meta-analysis limits the ability to draw robust conclusions, particularly in the subgroup analysis. Finally, the included studies were only distributed in Europe and North America. Therefore, further study should investigate the association between Cd exposure and renal cancer susceptibility among Caucasian, African, and Asian populations or additional ethnicities on other continents.
The following factors should be considered for further studies. First, in the meta-analysis, we found only one study validated Cd exposure levels. It is vital to estimate Cd exposure levels in urine and blood, proportional to the body's tolerance, which reflect long-term Cd exposure levels. The precision of observational Cd related renal cancer hypothesis studies could be greatly improved by incorporating Cd exposure biomarkers. Therefore, future studies should examine Cd levels in urine and blood as a method to assess long-term Cd exposure. Second, most studies we examined investigated the association between Cd occupational exposure and renal cancer risk. Therefore, the results of our meta-analysis should only be used to infer Cd under occupational conditions leading to increased renal cancer risk. Compared with the general population, Cd levels are typically higher in certain industries as a component of an occupational population where Cd is present (e.g., nickel batteries, pigments, and soldering alloys). However, Cd exposure levels in the general population are usually low. Therefore, further studies are needed to confirm the association among the non-occupational (Cd-exposed) population. Finally, studies we analyzed in the meta-analysis did not examine whether an association between Cd exposure and renal cancer risk differed among anatomical or histological sub-sites within the body.
In summary, the meta-analysis suggests that a high cadium exposure may be a risk factor for renal cancer in occupational population. Further study should be conducted to determine whether a low level Cd exposure in general population was associated with increased risk of renal cancer.
Methods
Data source and search strategy. A comprehensive search was performed using PubMed and EMBASE databases to retrieve all potentially related studies up to June 2015. We employed the following search strategies (i.e., search terms) without limitations: "renal cancer" or "kidney cancer" or "renal cell cancer" or "renal cell carcinoma" combined with "cadmium". The search was limited to human subjects. The previous review and related article references were manually screened to identify other potentially eligible studies.
Eligibility criteria and study selection. Studies were considered eligible for inclusion in the meta-analysis if they met the following criteria: (1) Cd was the heavy metal of human exposure; (2) the outcome was renal cancer risk; (3) the study design was cohort, case control, or cross-sectional; and (4) the relative risk (RR), odds ratio (OR), or hazard risk (HR) with corresponding 95% confidence interval (CI) were reported or provided sufficient data to estimate crude OR, RR, or HR with corresponding 95% CI. If the included population was duplicated in more than one study, only data from the study with the most comprehensive information was included.
Data extraction and quality assessment. Two authors (JKS and XHY) independently extracted data from the selected studies. The following key points were collected: first author; publication year; study design; country; total number of cases and subjects; sex; Cd exposure type; and adjusted variables. Adjusted OR was extracted as a preference to non-adjusted OR; however, unadjusted OR and CI were calculated when OR was not provided. When more than one adjusted OR was reported, the ratio with the most number of adjusted variables was selected. Disagreements between authors (JKS and XHY) were resolved through discussion and consensus.
The Newcastle-Ottawa Scale (NOS) was employed to evaluate the methodological quality of each study 42 . The following three primary components were evaluated and assigned a numerical score: (1) study group selection (0-4 points); (2) determination of the exposure source in the study (0-3 points); and (3) adjustment parameters for confounding factors (0-2 points). The total score was nine; a high-quality study was defined as ≥5.
Statistical analysis. We used OR with 95% CI as the common measure across all studies. Cd caused renal cancer was considered a rare event, the RR and HR in the cohort study was considered approximations of OR. Two articles did not report overall risk estimates, but instead separately presented results for men and women. Therefore, we combined the results using fixed effects and included the pooled risk estimates in the primary analysis 8, 10 . The OR in two studies failed to extract, so we computed the crude risk estimates and corresponding CI 5, 7 . The summary risk estimates were calculated using random-or fixed-effects models as appropriate based on heterogeneity levels. Heterogeneity among studies was assessed using the I 2 statistic, which measured quantitative inconsistency in heterogeneity levels across studies. Studies with I 2 values from 25% to 50% exhibited low heterogeneity, 50% to 75% showed moderate heterogeneity, and studies with results > 75% exhibited high heterogeneity. An I 2 value > 50% and P heterogeneity < 0.10 indicated significant heterogeneity. Sensitivity analysis was conducted to evaluate data robustness and stability by sequentially omitting one study on each turn. Studies were sequentially omitted if the data did not meet the restrictions. In addition, subgroup analysis was stratified by study design, effects measure, geographic region, sample size, exposure type, adjustment for variates, and NOS quality.
We evaluated potential publication bias using a funnel plot and Egger's tests, with a priori P < 0.1 indicating a significant publication 43 . If asymmetry evidence was detected, the trim and fill method was employed to correct publication bias 44 . All statistical analyses were conducted using Stata version 13.1 (Stata Corp, College Station, TX, USA).
